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ABSTRACT. 5-Formyluracil (fU) is a major thymine lesion produced by reactive oxygen radicals and
photosensitized oxidation. Although this residue is a potentially mutagenic lesion and is removed by
several base excision repair enzymes, it is unknown whether fU is the substrate of nucleotide excision
repair (NER). Here, we analyzed the binding specificity of XRdR23B, which initiates NER, and cell-

free NER activity on fU opposite four different bases. The result of the gel mobility shift assay showed
that XPC-HR23B binds the fU-containing substrates in the following order: f&:GQU: T > fU.G >

fU:A. Furthermore, in the presence of XPEIR23B, the dual incision activity was the same as the order

of the binding affinity of XPC-HR23B to fU. Therefore, it is concluded that even fU, regarded as a
shape mimic of thymine, can be recognized as a substrate of NER incision, and the efficiency depends on
instability of the base pair.

Organisms have multiple DNA repair pathways that defect in the XP genetic complemention group C patients
remove various DNA lesions, thereby maintaining the encodes XPC protein, which exists in vivo as a heterotrimeric
integrity of the genome and cellular functions—5). One complex with HR23B protein and centrin 8, (7). Although
such DNA repair pathway, base excision repair (BER), centrin 2, playing an important role in centrosome duplica-
corrects a number of spontaneously and environmentally tion, interacts directly with XPC, centrin 2 has little effect
induced genotoxic or miscoding base lesios%). Mean- on the reconstituted cell-free NER reactiaf). (Therefore,
while, nucleotide excision repair (NER) is another important biochemical studies have revealed that the XPR23B
DNA repair system, which can eliminate a wide variety of heterodimer is sufficient to specifically bind certain types
lesions, such as UV-induced cyclobutane pyrimidine dimers of DNA lesions and initiates NER in vitra8(-10).
and (6-4) photoproducts, as well as intrastrand cross-links  5-Formyluracil (fU) (Figure 1a) was identified as a novel
and bulky adducts induced by chemical carcinogel)s ( type of oxidized thymine residue in DNALY). It is a major
Impaired NER activity has been associated with several product induced by-ray and UVA photosensitization with
human genetic disorders, including xeroderma pigmentosummenadione (vitamin ¥), riboflavin (vitamin By), and nitro-
(XP). Patients suffering from XP are characterized clinically naphthalimide 12—16). Especially, fU can be yielded to a
by cutaneous hypersensitivity to UV exposure and increasedsimilar extent as 8-oxoguanine and imidazoloh& (5, 16).
susceptibility to skin cancer. The gene responsible for the Misincorporation of nucleotides opposite unrepaired fUs can
induce several types of base pair substitutior-@, T—A,
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serum albumin; AIKAE. coli 3-methyladenine DNA glycosylase I, ; ;
hSMUG1, human single-strand-selective monofunctional uracil-DNA fU was prepared as described previousig)( The structure

glycosylase: T(6-4)T, (6-4) photoproduct of thymine dimer: DB, ~ Of 30mer containing fU, Ed(CTCGTCAGCA TCTfU.CAT'
the damaged DNA binding factor. CAT ACAGTCAGTG), was elucidated by enzymatic diges-
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CH3 H CHO  s-gcTeea CTCGTCAGCATCXYCATCATACAGTCAGTAAGCTTA-3
3-CG ACGTGAGCAGTCGTAGZAGTAGTATGTCAGTCATTCGA AT-5'

thymine 5-formyluracil (fU) Tl

é‘é‘i‘

BssHIl  Pstl  Hindlll BssHIl

pBluescript [I KS({+)

¢ Name X Y z
T:A T T A

T(6-4)T (6-4) photoproduct of TT A

fU:A fu T A

fu:C fu T C

fu:G fu T G

fu:T fu T T

T:C T T c

Ficure 1: The structures of thymine (T) and 5-formyluracil (fU) (a, upper panel) and the electron density surfileeetifylated nucleo-

bases (a, lower panel), (b) phagemid DNAs harboring the bottom strand sequences generated by ligating the corresponding complementary
synthetic oligonucleotides to pBluescript Il K&) digested byPst andHindlll, and (c) the nucleotides, indicated by X, Y, and Z, for each

lesion.

tion and by ESI-MASS: 9126.2. Furthermore, it was a Mono S PC 1.6/5 column (Amersham Biosciences)
confirmed that the reduction with NaBHjenerated 5-hy-  equilibrated with buffer B containing 0.1 M NaCl and eluted
droxymethyluracil. The oligonucleotide containing a-#) with buffer B containing 0.15 M NaCl.
photoproduct of thymine dimer (T{&4)T) was provided by Gel Mobility Shift Assay.The detailed method was
Prof. S. lwai. The®?P-labeled, blunt-ended, 180 bp DNA previously described3@). Briefly, binding reactions (1@L)
fragments and internall§?P-labeled, closed circular DNAs, were carried out at 30C for 30 min in mixtures including
which contain a site-specific fU opposite four different bases, 20 mM sodium phosphate (pH 7.4), 5 mM MgCL mM
were prepared (Figure 1b,c3J). EDTA, 150 mM NaCl, 1 mM DTT, 5% glycerol, 0.01%
Preparation of Proteins and Cell Extrad®urification and Triton X-100, BSA (1ug), %?P-labeled probe DNA (0.35
reconstitution of the XPEHR23BHis heterodimer were fmol), covalently closed circular plasmid DNA (1.5 ng), and
carried out as described previous88). XP3BE whole cell the indicated amount of the recombinant XPIER23BHis
extract was prepared as describedB)( Preparation and complex. The reactions were then chilled on ice. The
purification of His-tagged human AP endonuclease (hAPE) mixtures were directly subjected to 4% nondenaturing PAGE.
were carried out as described previougs)( The expression  Radioactivity was quantified using the BAS2500 bioimaging
of His-hSMUGL1 was induced with 1 mM isopropgtd- analyzer (Fujifilm). The gel was exposed to X-ray film
thiogalactopyranoside (IPTG) at 3C for 4 h in theE. coli (Fujifilm, RX-U) at —80 °C with an intensifying screen.
strain IM109 (DES3) using the pET28a vector (Novagen). The  Nucleotide Excision Repair Assayhe detailed method
bacterial cell pellets were sonicated in buffer A [20 mM was previously describe®3). Briefly, the internally labeled,
sodium phosphate (pH 7.5), 1 mM EDTA, 25 mM NaCl, double-stranded circular DNA substratesq{110° cpm,~29
0.01% Nonidet P-40, 1 mM dithiothreitol (DTT), 0.25 mM ng) were incubated at 30C for 1 h in 25uL reactions
phenylmethylsulfonyl fluoride (PMSF), and a protease containing 40 mM Hepes-KOH (pH 7.8), 5 mM MgCD.5
inhibitor cocktail (Ix Complete; Roche Diagnostics)] and mM DTT, 70 mM NacCl, 6.6% glycerol, 0.5 mM EDTA, 2
centrifuged for 30 min at 100 00Q g. The supernatantwas mM ATP, and 20uM each of dATP, dGTP, and dTTP, 8
applied to a HiLoad SP Sepharose HP (Amersham Bio- uM dCTP, 22.5 mM creatine phosphate (di-Tris), phospho-
sciences) column equilibrated with buffer B [20 mM sodium creatine kinase (1.2kg), BSA (9 «g), the XP3BE whole
phosphate (pH 7.8), 10% glycerol, 0.01% Triton X-100, and cell extract (100ug protein), and the indicated amount of
0.25 mM PMSF] containing 0.1 M NaCl, and bound proteins the XPC-HR23BHis complex. The reactions were stopped
were eluted stepwise with buffer B containing 0.5 and 1 M by addition of EDTA to a final concentration of 10 mM,
NaCl. Proteins eluted with 0.5 M NaCl were loaded onto a and DNA was purified and subjected to 10% denaturing
column packed with TALON resin (Clontech) that had been PAGE followed by autoradiography.
equilibrated with buffer B containing 0.1 M NaCl and 5 mM Nicking Assay.The fU-strand oligonucleotide, '5
imidazole. After extensive washing with the same buffer, d(CTCGTCAGCA TCTfUCATCAT ACAGTCAGTG), was
bound proteins were eluted by increasing the imidazole 5 end-labeled by treatment with T4 polynucleotide kinase
concentration to 20, 100, and 250 mM. Finally, the 100 mM and [y-3?P]JATP. After DNA was purified, each oligonucleo-
imidazole fraction containing His-hSMUG1 was loaded onto tide, 3-d(CACTGACTGT ATGATGXAGA TGCTGAC-
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GAG) (X = A, G, T, and C), was added and annealed by a

heating at 65°C for 10 min and then gradually cooling to TA  TEAT  fUA uec UG fUT  substrate
16 °C. The nicking reactions were performed in mixtureS osssa2 081632 0 81632 081632 0 81632 0 81632 XPC-HR23B (fmal)
(25 uL) containing 25 mM Hepes-KOH, pH 7.8, 0.5 mM
EDTA, 50 mM NaCl, 2 mM MgC}4, 0.5 mM DTT, BSA (9
ug), and the substrate DNA (40 fmol). His-hSMUG1 (100
pg) and His-hAPE (2 ng) were added and incubated at 30
°C for 1 h. Reactions were stopped by adding an equal
volume of stop buffer (50 mM Tris-HCI, pH 7.5, 25 mM
EDTA, 0.3 mg/mL yeast tRNA, 2% SDS, and 0.8 mg/mL = ==== ===  Sse= =%
proteinase K) and incubated further at 3D for 30 min. 1234 5678 9101112 13141516 17181920 2122224
The DNA was purified by phenol/chloroform extraction and b

ethanol precipitation and subjected to 16% denaturing PAGE
followed by autoradiography.
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RESULTS AND DISCUSSION

Gel Mobility Shift Assay for the Binding Affinity of XPC
HR23B. To examine the damage-binding specificity, a
convenient, highly sensitive assay was developed by use of
the gel mobility shift technique3@). Blunt-ended, radiola- o
beled DNA fragments (180 bp in length) containing a single 0 8 16 24 32
lesion at a defined position were used for binding reactions XPC-HR23B (fmol)
with the purified recombinant human XPEIR23B com-  Ficure 2: Gel mobility shift analysis of XPEHR23B binding to
plex. Since centrin 2 does not greatly affect either damage fU-containing substrate opposite A, C, G, or T. In panel a3Re
binding or the NER reaction8(-10), we used the XP€E labeled DNA substrate (180 bp fragment) containing fU opposite
HR23B heterodimer for the following experiments. When four different bases, a normal T:A pair, or{8) photoproduct of

- . thymine dimer at the corresponding position (0.35 fmol each) were
XPC-HR23B was incubated with théP-labeled nondam- i bated at 30C for 30 min with the indicated concentrations of

aged probe (negative control), little amount of shift band XPC—HR23B. The resulting DNA-protein complex was resolved
was observed (Figure 2a, lane 4). Using the probe containingby native PAGE. In panel b, the percentage of¥felabeled DNA
T(6—4)T (positive control), we demonstrated that XPC  Substrate bound to XPEHR23B was calculated for each lane in

: o : : s panel a: &) T:A; (») T(6—4)T; @O) fU:A; (M) fU:G; (O) fU:T;
HR23B Is _Capable of binding T(64)T in a highly Spec.'flc (®) fU:C. The mean values and standard errors were calculated
manner (Figure 2a, lanes-8). These results were consistent fom at least two independent experiments.

with the previous data3@). ) , oo bases was then investigated. The fU-containing synthetic
When fU was present opposite adenine, binding of XPC  jiqonycleotide wag2P-labeled at the 'Send and used for

HR23B was as low as the case of a normal T:A pair (Figure gynihesis of covalently closed circular DNAs, which contain
2a, lanes 4 and 12). 5-Formyluracil residue, one of oxidative g internal®2P-label at 12 nucleotides %o the fU lesion

products of thymine, could be regarded as a shape mimic of 33) ce|l-free NER reactions were performed using the
thymine and has the same hydrogen accessibility, as shownpole cell extract lacking the XPC protein supplemented
in Figure la. Therefore, the fU residue likely forms the \yith various amounts of purified XPEHR23B. In the
canonical WatsonCrick pair with the opposite adenine  5pgence of XPEHR23B, the NER reaction did not occur
residue 85, 36), which can explain why XPEHR23B at all with any substrates (Figure 3a, lanes 1, 5, 9, 13, 17,
hardly recognizes fU:A. and 21). In addition, when the internally labeled nondamaged
Intriguingly, the gel mobility shift assay revealed that substrate (negative control) was incubated in the presence
XPC-HR23B binds fu:C with high affinity, which is  of XPC—HR23B, dual incision products were below detect-
comparable to that for T(64)T (Figure 2a, lanes68 and  aple level (Figure 3a, lanes—2), although it was reported
14-16). Furthermore, the binding affinity of XP€HR23B  that NER incision could occur on nondamaged DNA, which
for fU:G and fU:T was moderate, but not as high as that for \as nonetheless100 times less efficient than T€&)T (37).
fU:C (Figure 2a, lanes 1820 and 22-24). The percentages However, using the T(64)T substrate (positive control),
of the labeled DNA probes bound to XPEIR23B were  dual incision products could be clearly detected in our system
calculated and plotted in Figure 2b, showing that binding (Figure 3a, lanes 2224).
affinity of XPC—HR23B can be varied by opposite basesin  When the®?P-labeled fU:C substrates were incubated with
the following order: T(6-4)T ~ fU:C > fU:T > fU:G > the XPC whole cell extract and XPEHR23B, significant
fU:A ~ T:A. It should be noted that this order of the affinity amounts of dual incision products could be observed (Figure
correlates with the melting temperature of fU—containing 3a, lanes ]_9]_2) However, the efﬁciency was much lower
oligonucleotide duplex described previously: fUzAfU:G than that for T(6-4)T, although XPG-HR23B appeared to
> fU:T > fU:C (30). Given that presence of unpaired bases recognize fU:C as well as T¢64)T (Figure 2b). Furthermore,
is crucial for recognition by XPEHR23B @, 10, 33), this dual incision products of fU:T and fU:G substrates could be
order seems reasonable. also detected (Figure 3a, lanes-1¥5 and 18-20), whereas
NER Assay for the Dual Incision of flbs XPC—HR23B with the fU:A substrate, the incision efficiency was almost
can thus recognize the fU residue depending on the oppositeat the background level (Figure 3a, lanes8). Quantifica-
base, cell-free NER activity on fU opposite four different tion of the incision products was summarized in Figure 3b.

% of shifted DNA
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a hSMUG1
; fuAa  fU:C  fuG fUT T(6-4)T substrate
04;—B¢:I60ﬂ408016DD408016004EI8016004DBD1BOM 04{0301)80 XPC-HRZ23B (fmol) fU ﬂJ fUA fUC
T (ss)(ss) fUG fu:T
A
1234 5678 9101M12131M516 17181920 21222324
b c
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Ficure 4: The BER incision of fU-containing DNA by hSMUGL1.
1234 5678 The 32P-labeled fU-containing ss-30mer (40 fmol) and ds-30mer

Ficure 3: Presence of mismatched bases opposite fU enhances‘%ﬁ)t?]oﬁgiﬂﬁgldg%?mo?)azﬁz wileIQggbf?rg%% atGQfor 60 min

the NER incision. In panel a, the indicated internally labeled
substrates were assayed for NER incision in the XPC whole cell yerification activity may not work well for fU. An alternative
extract supplemented with various concentrations of XPIR23B. explanation for the low incision efficiency of fU:C could be

A part of the autoradiograph showing the dual incision products is S .
presented. “M" is 3%P-labeled 25-bp ladder. In panel b, the Made by considering involvement of the damaged DNA

percentage of the incision products in #@-labeled DNA substrate ~ binding factor (DDB). DDB has been shown to specifically
was calculated for each lane in panel &) T(6—4)T; @) fUA; bind to various types of lesions and stimulate NER in vivo
() ;Ur(t;; (Qt) hfl;(;C (;) ngéCB- Tlfé% ?uarlltity of thet T(Gf())wci;ion | (38, 39) as well as in vitro 40, 41). Although the stimulatory
FS)II:l(z)V\l}jSC ?hvgl NER assay wi(th therzn q')(\:N iiggtrgtse. Thg. ina(ljri](?at%d effect is more evident with cyclobutane-type pyr@midine
internally labeled substrates were assayed for NER incision in the dimer, DDB could _also enhance Ce”'fre_e NER incision of
XPC whole cell extract supplemented with various amounts of T(6—4)T. Although it remains to be examined whether DDB
XPC—HR23B. “M" is 3%P-labeled 25-bp ladder. can recognize fU, it is possible that DDB, which may be
present in the cell extract used for our NER reactions, may

In the presence of XPEHR23B, NER incision efficiency  stimulate incision of T(6-4)T, but not that of fU.
of the substrates containing fU depended on opposite bases |mplications.We conclude that even fU, regarded as a
in the following order: fU:C> fU:T > fU:G > fUA, which shape mimic of thymine, can be somewhat recognized as a
is the same as the order of the binding affinity of XPC  substrate of NER and the efficiency depends on instability
HR23B to fU. These results indicate that the NER efficiency of the base pair. In other words, although the NER incision
may be determined, at least partly, by the binding efficiency system is necessary for repair of the bulky damage sites
of XPC-HR23B. where normal base pairing is disturbed2{44), NER

One possible explanation for the low incision efficiency enzymes unfortunately happen to incise fU opposite misin-
on fU is that the fU lesions may be rapidly removed by other corporated nucleotides and thus accelerate fixation of point
repair pathways, such as BER, in the cell extract used andmutations. This mutagenic subreaction was also observed
consequently only very few were processed by NER. To test with several BER enzymes against f2B8( 29, 31). Further-
this possibility, the DNA substrates that were purified from more, the presence of mismatched base enhances the NER
the NER reactions were treated with hSMUG1, which can efficiency of the substrates containing cisplatin addugBs (
excise the fU residue3Q, 31 and Figure 4). The results and cyclobutan-type pyrimidine dime83, 46). It has been
indicate that more than 90% of fU:A and about 70% of fU: shown that guaninel, 21, 24) and cytosineX7, 19) could
G, fU:T and fU:C still remained in the substrates (data not be incorporated opposite fU in vitro. I&. coli, fU could
shown). Therefore, the data in Figure 3 more or less reflectinduce T-C and T~A mutations R0), whereas the data in
the NER efficiency on the fU substrates. other experiments indicated that fU:G, fU:T, and fU:C could

It was previously shown that XPEHR23B strongly binds ~ be formed during DNA replication2@). Furthermore, in
the bubble-like structure without any damaged bases, al-mammalian cells, G and A mutations could be
though the NER incision does not occur at all with those induced by fU 23). Thus mutations caused by fU could differ
substrates33). Consistently, the NER incision on the T:C depending on the experimental systems used. We also
mismatch substrate was only at the background level, observed that human DNA polymeraggromotes misin-
confirming that the incision on fU:C was significant (Figure corporation of three nucleotides; guanine was incorporated
3c). These results demonstrate that, while instability of basemore efficiently than cytosine and thymine opposite fU
pairs is important for the initial recognition by XPE&R23B, (Kino, K., Ito, N., Hanaoka, F. Unpublished). Therefore, fU
the presence of damaged bases must be verified thereafteopposite misincorporated nucleotide may occur quite fre-
to induce NER incision, which requires completely different quently, and NER incision of such lesions can be harmful
structural features associated with lesions. Therefore, low as well as mutagenic BER subreacti@8,(29, 31) and NER
incision efficiency of fU:C could be because the damage incision of other mismatch substrat&3(45, 46). As MutY

=

relative incision efficiency (% of contral)

=1

XPC-HR23B (fmol)
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and hMYH incise adenine paired with 8-oxoguanid&)(
unknown enzymes that directly incise the misincorporated

bases opposite fU could exist in cells. Thus, these systems ~"*

should inhibit the mutagenic repair and are very crucial for
keeping genetic codes.
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